Highlights d DNA damage is sufficient to trigger a global alternative splicing (AS) response to UV 
INTRODUCTION
As a first barrier between the body interior and the exterior, our skin is regularly exposed to UV radiation. The UV light that reaches the Earth's surface can damage cellular components, such as DNA, RNA, proteins, and lipids, and is, therefore, the most prominent and ubiquitous carcinogen in our natural environment (Melnikova and Ananthaswamy, 2005) . Despite the high incidence of skin cancer in human health and the fact that gene expression is a key target of signaling cascades triggered by UV exposure, little is known about gene expression mechanisms occurring in response to UV light.
Alternative splicing (AS) is the main process that amplifies DNA information by generating multiple mRNA and protein variants from each of the vast majority (95%) of mammalian genes (Barash et al., 2010; Kornblihtt et al., 2013) . AS has been shown to be regulated by external cues through various mechanisms whose alterations cause hereditary disease and cancer (Hua et al., 2011; Srebrow and Kornblihtt, 2006) . This, together with findings of important biological roles for tissue-and speciesspecific AS patterns (Ellis et al., 2012; Gracheva et al., 2011) , places the regulation of AS at the same level of importance as the regulation of transcription in the determination of cell differentiation and fate. We have previously identified transcriptional regulation and AS as crucial targets of signaling cascades resulting from UV irradiation of human cells. We have shown that UVC irradiation (<280 nm) promotes the phosphorylation of the C-terminal domain (CTD) of RNAPII, which slows down transcriptional elongation and affects AS of several genes, some of which are key for survival/apoptosis decisions (Muñ oz et al., 2009 ). These observations were confirmed and extended by other genomewide studies (Ip et al., 2011) , which reinforced the evidence for physiological roles of the kinetic coupling between transcription and splicing. In this context, it is now known that, for alternative cassette exons, slow elongation can promote either exon inclusion (de la Mata et al., 2003; Muñ oz et al., 2009) or skipping (Dujardin et al., 2014; Fong et al., 2014) , depending on the regulatory cis-acting sequences and trans-acting factors operating in each particular AS event. Given the multiple cellular components susceptible to be damaged by UV light, it was important to evaluate whether damage of DNA or of other cell molecules trigger the AS response. The most conspicuous UV-induced DNA lesions are cyclobutane pyrimidine dimers (CPDs) and 6-4 pyrimidine-pyrimidone photoproducts ((6-4)PPs), both of which are, at least in placental mammals, mainly repaired by the nucleotide excision (legend continued on next page) repair (NER) system (Marteijn et al., 2014) . NER is initiated by two distinct DNA-damage-sensing mechanisms that use the same machinery to repair the damage: transcription coupled repair (TCR or TC-NER) and global genome repair (GGR or GG-NER). TC-NER detects and removes damage from the template strand of genes that are being transcribed and depends on RNAPII elongation and on the Cockayne syndrome proteins CSA and CSB. Mutations in this pathway are associated with cell death probably due to deficiencies in transcriptional re-start after damage (Anindya et al., 2010) . GG-NER, the repair mechanism that prevails in keratinocytes, the most abundant cell type in the skin (D'Errico et al., 2007) , removes UV-induced damage present in both transcribed and non-transcribed regions of the genome and depends on the UV-DDB complex, in which XPE interacts with the lesion, and on XPC to detect the damage. Once the damage is recognized by either TC-NER or GG-NER factors, both pathways converge at the recruitment of the general transcription factor TFIIH, which opens the DNA helix around the damage. After the recruitment of XPA and the endonucleases XPF and XPG to excise the damaged strand, the resulting single-stranded DNA (ssDNA) gap is filled by DNA synthesis and ligation (Marteijn et al., 2014) . DNA damage not only induces DNA repair but triggers signaling pathways as well. Ataxia telangiectasia mutated (ATM) and ataxia telangiectasia mutated and Rad3 related (ATR), members of the PI(3)-like protein kinase family, are enzymes of paramount importance in the DNA damage response. Whereas ATR was originally identified as a key factor controlling DNA replication in S phase, it was later shown to be activated throughout the cell cycle by ssDNA generated during NER (Hanasoge and Ljungman, 2007; Marteijn et al., 2009; Matsumoto et al., 2007; Stiff et al., 2008; Vrouwe et al., 2011) . Moreover, it was also shown that ATR activation by UV irradiation in turn activates ATM (Stiff et al., 2006) .
Here, we provide direct proof that UV-induced CPDs are sufficient to initiate the AS response in skin cells without the involvement of any other type of UV-damaged molecules. Photolyase-mediated removal of CPDs abolished the UV-induced RNAPII phosphorylation and AS regulation, therefore demonstrating that CPDs are the main trigger in the modulation of two key steps of gene expression in UV-treated keratinocytes. Transfection experiments with irradiated plasmids that serve as templates for transcription suggest that RNAPII is a target, but not a sensor, of the DNA lesion. Our results reveal that ATR acts as a bridging signal from the DNA lesion to the RNAPII phosphorylation/AS regulation in a NER-dependent manner.
RESULTS
Cyclobutane Pyrimidine Dimers Are Responsible for the UV Effect on RNAPII Phosphorylation and AS in Skin Cells We have previously found that, in hepatoma cells, UV irradiation regulates co-transcriptional AS in a p53-independent manner, through the phosphorylation of RNAPII CTD and subsequent inhibition of transcriptional elongation (Muñ oz et al., 2009) . In order to determine whether damage of DNA, and not of other types of cell components, was sufficient to trigger RNAPII hyperphosphorylation and AS regulation in human keratinocytes (HaCaT cells), we used two different approaches: (1) transfection of UV-damaged naked plasmid DNA without irradiation of cells and (2) irradiation of cells followed by prompt removal of DNA lesions. In the first strategy, to avoid the concomitant damage of RNA, proteins, lipids, and other molecules after UV treatment of cells, a water solution of a plasmid with no relevant sequences for mammalian cells, pBluescript (pBS), was irradiated in vitro with UV light and co-transfected with two different AS reporter model minigenes: one carrying an alternative exon whose inclusion is upregulated by UV irradiation (FN-E33) and another with an alternative exon whose skipping is promoted (TBX3-E2a). Co-transfection of the minigenes with the in-vitroirradiated pBS caused an increase in FN-E33 inclusion and in TBX3-E2a skipping in the absence of cell irradiation, mimicking the UV effect ( Figure 1A ). It is important to point out that the in-vitro-irradiated plasmid preserved its circular integrity and that, as expected for the effects of UV irradiation, did not contain double-strand breaks ( Figure S1A ).
These experiments indicate that damaged DNA is sufficient to trigger a splicing response that is independent of the potential effects of damaging other cell molecules. It also confirmed, using a different experimental approach, our previous demonstration that the UV effect on AS is not a consequence of DNA damage in cis, i.e., on the actual template DNA encoding the alternative mRNA isoforms (Muñ oz et al., 2009 ), but rather of a systemic or global cell response to damage. In the second approach, we reasoned that, if damaged DNA is the cause of AS modulation (B) Diagram showing the adenovirus infection protocol. Immediately following UV irradiation, the photolyase was activated by treatment with white light for 2 hr. Genomic DNA (gDNA) and RNA were extracted at the indicated time points. (C) Repair of DNA lesions in HaCaT cells transduced with the CPD photolyase as described in (B) was assessed by DNA western dot blot using specific antibodies against CPD, 6-4(PP), or total single-stranded DNA (ssDNA). (D) HaCaT cells transduced with CPD photolyase-expressing adenovirus were left untreated (no UV) or UV irradiated. Irradiated cells were then exposed to white light to activate the photolyase (UV, active PhL) or kept in the dark (UV, inactive PhL). Global transcriptome analysis was performed to compare irradiated cells with an active or inactive CPD photolyase. y axis, percentage of reversion of UV-induced changes for alternatively spliced cassette exons following photolyase photoactivation. Positive percent values represent reversion of UV-induced AS changes toward control levels. (E) Reversion of changes in inclusion levels induced by UV by expression of photolyase. The x axis represents the DPSI of each event between UV, inactive PhL and no UV samples, using a 15% threshold. The y axis shows the values of DPSI for the same events in respect to the control when the photolyase is active (UV, active PhL). The red line represents the relation between the DPSI of UV, inactive PhL minus control with respect of the DPSI of UV, active PhL minus control, i.e., the absence of photolyase effect on UV-induced changes. The blue arrows indicate the direction of the changes where reversion is happening. Tables S1 and S2. upon UV irradiation, then treatment of cells with UV light followed by removal of DNA lesions should not produce AS changes. As mentioned earlier, the most abundant UV-induced DNA pyrimidine dimer (PD) lesions are CPDs. This type of lesion induces little distortion in the double helix and consequently is poorly repaired by the NER pathway (Garcin et al., 2007) , the main system dealing with UV-induced DNA damage in humans. How can we dissociate UV treatment and formation of CPDs if these are slowly repaired but heavily induced by UV light? Photolyases are white-light-activated flavoenzymes that specifically revert the different lesions generated by UV irradiation. The fact that placental mammals do not possess photolyases offers an invaluable opportunity to use a CPD-specific photolyase from a marsupial mammal (Potorous tridactylus, the Australian rat kangaroo) as a tool to selectively abolish the contribution of CPDs. HaCaT cells were transduced with an adenovirus expressing the Potorous CPD photolyase and, 72 hr later, treated with 15 J/m 2 of UV. The photolyase was then activated by exposing the cells to white light for 2 hr or keeping them in the dark as a control, after which cells were harvested ( Figure 1B ). After total DNA purification, damage was assessed by DNA western dot blot using antibodies specific to CPD, (6-4)PP, or to ssDNA as control. Figure 1C shows that photolyase activation reduced the amount of CPDs by about 80%, keeping the levels of (6-4)PPs unaffected. Similar results were obtained by immunostaining of fixed cells with the same antibodies ( Figure S1B ).
In order to assess the global effects of UV irradiation on AS and the extent of the CPD contribution to these effects, we performed RNA sequencing (RNA-seq) analysis of duplicate samples of photolyase-transduced HaCaT cells, left untreated (''no UV''), UV irradiated and kept in the dark (''UV, inactive PhL''), or UV irradiated and photoactivated for 2 hr with white light (''UV, active PhL''). We analyzed the variations in the percentage of alternative exon inclusion (PSI [percent spliced in]) for each AS event (ASE) that were greater than 15% (DPSI > 15%; see Experimental Procedures). We observed that irradiation with 15 J/m 2 of UV light altered the inclusion levels of 1,551 ASEs (UV, inactive PhL versus no UV; Figure S1C ). These events occurred in 1,174 unique genes, indicating that UV affects the splicing pattern of a considerable proportion of genes expressed in HaCaT cells (11% of the total number of multiexonic genes expressed in these samples). Approximately 64% (991) of the affected ASEs are cassette exons, in which we focused our analysis. Of these, 77.8% (771) show higher inclusion upon UV treatment. We found that removal of CPDs by photoactivation of the marsupial photolyase reverted the effects of UV light to different extents in the majority (87%) of the cassette exon events ( Figure 1D ), with 56% of the affected exons reverting their PSI at least by 50%.
To study the contribution of CPDs in more detail, we compared the DPSI between the UV-irradiated and control samples (UV, inactive PhL versus no UV) with their corresponding DPSI in samples from cells with active photolyase with respect to control (UV, active PhL versus no UV; Figure 1E ). Each dot corresponds to one of the 991 alternative exons whose inclusion changes upon UV irradiation. Strikingly, most cassette exons with either higher or lower inclusion levels upon UV treatment (x axis) show a clear reduction in the DPSI caused by UV when the photolyase is active (y axis), observed by a general displacement from the diagonal toward the horizontal axis (blue arrows). In the type of graphic shown in Figure 1E , if the photolyase activity had no effect, all dots would be aligned along the diagonal. These results strongly indicate that CPDs are the main cause of the AS response to UV light.
Figures 1F and S1D show the validation of the RNA-seq data (Table S1) Figure 1A , the change in AS observed in the FN-E33 exon is also reverted by the photolyase ( Figure S1E ).
To study a putative contribution of (6-4)PPs in the cellular response to UV, we conducted a similar set of experiments using the specific (6-4)PP photolyase from Arabidopsis thaliana . Figure S2C shows that, unlike CPDs, complete removal of (6-4)PPs does not alter the UV effect on AS. This may reflect the fact that CPDs are induced roughly five times more than (6-4)PPs (Besaratinia et al., 2011) when using, as we do, a UVC lamp with an emission peak of 254 nm. Yet, the most harmful UV radiation that reaches the Earth's surface is not UVC but UVB (305 nm), because UV radiation below 305 nm is filtered by the ozone layer (Besaratinia et al., 2011) . We then compared the effect on AS and RNAPII phosphorylation of UVC and UVB. For both wavelengths (254 and 305 nm), we used doses that generated comparable amounts of CPDs but different amounts of (6-4)PPs ( Figure S2D ). Under these conditions, we found that UV-induced RNAPII phosphorylation, shown as RNAPIIo/RNAPIIa ratio ( Figure S2E ), and AS patterns ( Figure S2F ) were affected at comparable levels in UVC-or UVB-treated cells, further strengthening the role of CPDs in the response to UV light and suggesting that UVB acts in a similar fashion as UVC.
Although the importance of the effect of CPDs on gene expression has been addressed before (Boros et al., 2015) , the crosstalk between CPD's impact in mRNA levels and AS has not been documented. We found that activation of the CPD photolyase, but not the (6-4)PP photolyase, prevented the UV-induced increase in the RNAPIIo/RNAPIIa ratio (Figures 2A and S3A) , as well as both up-and downregulation of gene expression levels ( Figure 2B ). Moreover, the ASEs affected by UV in both directions (increased and decreased PSI) often correspond to genes whose expression is downregulated by UV ( Figure 2C) , and most importantly, photolyase-triggered reversion of AS changes clearly takes place in genes whose expression is downregulated by UV ( Figure 2D ), consistently with a role for a reduction in RNAPII elongation. In agreement with this, phosphomimetic CTD mutants and a slow elongation RNAPII mutant duplicate the UV effect on AS in skin cells, whereas non-phosphorylatable mutants prevent the UV effect ( Figures S3B and S3C ), confirming previous results from our group obtained in a different cell line (Muñ oz et al., 2009) . Therefore, results in Figure 2 suggest that the effect of CPDs on AS is mediated by RNAPII, which could act either as a sensor of damage or as an effector of signaling cascades triggered by CPDs.
The AS Response to UV Is Not Triggered by an Active RNAPII nor by Transcription-Coupled Repair It has been recently proposed that, in human fibroblasts, RNAPII stalling in UV-damaged genes modulates AS through an R-loop-dependent mechanism (Tresini et al., 2015) . Results in Figure 1A suggest that, at least in keratinocytes, this is not the case because the pBS plasmid irradiated in vitro, which is effective in triggering the AS response, does not carry an RNAPII promoter. To further evaluate the potential role of an active RNAPII as a sensor of the CPD effect on AS, we replaced the pBS plasmid with a luciferase reporter vector with (pGL3-SV40; Promega pGL3-Control) or without (pGL3; Promega pGL3-Basic) the strong RNAPII promoter of the SV40 virus. Figure 3A shows that the presence of the SV40 promoter allows for transcription of the pGL3 plasmid, revealed by the elicited luciferase activity (compare bars 1 and 3). Although UV irradiation reduces transcription, irradiated pGL3-SV40 still displays about 5,000 times more luciferase activity than irradiated pGL3 (compare bars 2 and 4). Despite the qualitative difference in transcription capabilities, the in-vitro-irradiated pGL3 and pGL3-SV40 plasmids elicited similar effects on FN-E33 and TBX3-E2a minigenes AS patterns ( Figure 3B ), indicating that transcription of the irradiated plasmid is not required for the AS response to damaged DNA. This evidence points to a lack of roles for RNAPII as a lesion sensor and therefore of the involvement of TC-NER in the AS response in keratinocytes. To confirm these predictions, we first investigated whether TC-NER is involved in the AS response to UV light in keratinocytes. For this, we used small interfering RNA (siRNA) to knockdown expression of the TC-NER factor CSB and found that the UV effect was similar to the control siRNA-treated cells ( Figure 3C) , with a CSB mRNA and protein depletion of approximately 80% (Figures S4A and  S4B ). Similar results were obtained when irradiating patientderived CSB mutant cells or a control counterpart stably expressing a wild-type version of CSB ( Figure S4C ).
To understand our results obtained in keratinocytes in the context of the observations made in fibroblasts (Tresini et al., 2015) , we compared the UV response in both cell types. Results in Figure 3D show that fibroblasts and keratinocytes behave differently upon UV irradiation: whereas UV promotes inclusion of the FN-E33 in keratinocytes, it induces skipping in fibroblasts. We then analyzed the effects of co-transfecting the FN-E33 AS reporter minigene together with in-vitro-irradiated pGL3 or pGL3-SV40 in fibroblasts and found that the need for transcription of the irradiated plasmid to elicit the respective AS responses differs between the two cell types. Whereas in keratinocytes, the presence or absence of an RNAPII promoter in the pGL3 vector is dispensable to mimic the UV effect ( Figure 3B ), in fibroblasts, there is a clear need for transcription of the irradiated plasmid to duplicate the UV effect ( Figure 3E) .
These experiments independently indicate that, although RNAPII seems to be an important target of the signaling elicited by CPD lesions (Figure 2A ), the enzyme is not acting as the main sensor for the CPD effect on AS in human keratinocytes, 
(legend continued on next page)
in contrast to what has been reported by Tresini and co-workers in fibroblasts. Taken together, these results demonstrate the differences in the mechanisms controlling gene expression in different cell types and highlight the importance of using the most appropriate model when analyzing the effects of a natural carcinogen as UV light. We then investigated the involvement of other systems capable of interacting with DNA lesions, such as DNA replication. To evaluate the role of an active DNA polymerase as a sensor of damaged DNA, we sorted control and UV-treated HaCaT cells, based on their DNA content, to analyze AS patterns in G1, S, and G2/M populations. The UV effect proved to be of comparable magnitude in all cell cycle phases ( Figure S4D) , with no particular increase in S phase, which suggests that the replisome is not a main sensor for the UV effect on AS.
Finally, and having in mind that GG-NER, but not TC-NER, is the main system in charge of DNA repair in keratinocytes (D'Errico et al., 2007), we reasoned that a reduced CPD recognition would elicit a reduced UV effect on AS. Using CRISPR-Cas9 technology, we found that ablation of XPE, the main factor in charge of CPD recognition, partially decreased the UV effect on AS ( Figures S4E and S4F ), strongly suggesting a role for DNA repair in the control of gene expression in skin cells.
Results so far suggest that, in keratinocytes, where GG-NER prevails, XPE, but not RNAPII, acts as one of the lesion sensors for the AS response.
ATR Modulates the Alternative Splicing Response to CPDs
In view of results in Figure 3 , given that the UV effect is of comparable magnitude in G1, S, and G2/M (Figure S4D ), the fact that NER is active throughout the cell cycle (Sancar et al., 2004) and the decreased UV effect on AS in XPE-null cells ( Figure S4F ), we thought that the repair system itself could be responsible for damage sensing and signaling. A key event that follows NER is the activation of ATR (Hanasoge and Ljungman, 2007; Marteijn et al., 2009; Matsumoto et al., 2007; Stiff et al., 2008; Vrouwe et al., 2011) , which, in turn, can activate ATM (Stiff et al., 2006) . To investigate the contribution of these kinases in the AS response to CPDs, we irradiated HaCaT cells pre-treated with ATR or ATM inhibitors, whose specificities were verified by their abilities to inhibit Chk1 or Chk2 phosphorylation, respectively ( Figure S5A ). For the three ASEs used as models, ATR inhibition reduced the UV effect on AS patterns ( Figure 4A ) by at least 50%. A less pronounced inhibition was observed when inhibiting ATM ( Figure S5B ). We then analyzed the roles of ATR and ATM in the UV-induced RNAPII hyperphosphorylation. Figure 4B shows that the increase in RNAPIIo/RNAPIIa ratio caused by UV is prevented by the ATR inhibitor. Such a strong role for ATR in the phosphorylation of the CTD is unprecedented and likely indirect, considering that, to date, the main Ser/Thr kinases shown to directly phosphorylate the CTD are CDK7, CDK9, CDK12, and CDK13 (Bartkowiak et al., 2010; Muñ oz et al., 2010) . The actual target(s) of ATR remain yet to be identified. Similar to what happened with AS regulation, ATM inhibition impaired the UVinduced hyperphosphorylation of RNAPII but to a much lesser extent ( Figure S5C ).
NER Links CPD Repair to ATR Activation and the AS Response in Keratinocytes
It has been shown that ATR activation is triggered by ssDNA segments generated after incision by NER nucleases to remove the damaged strand and before the participation of DNA polymerases to copy the undamaged strand (Marteijn et al., 2014) . Figure 5A shows that photolyase-dependent removal of CPDs inhibits the UV-induced ATR activation, indicated by the increase in the phosphorylation levels of Chk1. To further evaluate the role of the NER pathway on ATR activation in conditions in which general DNA replication does not occur, we first obtained noncycling HaCaT cells through a serum deprivation protocol reported by the Sancar group (Kemp and Sancar, 2016; Figure S5D) . As shown in Figure 5B (compare lanes 1 and 2), UV irradiation of non-cycling HaCaT cells activates ATR as indicated by Chk1 phosphorylation. Moreover, this activation also takes place in the presence of actinomycin D, a general inhibitor of transcription (lanes 3 and 4; Figure S5E ), thus favoring the idea that ATR can be activated in response to UV but in the absence of both replication and transcriptional stress. More interestingly, and in agreement with published evidence that UV-induced photolesions elicit ATR kinase-dependent signaling in non-cycling cells (Vrouwe et al., 2011) , inhibition of repair synthesis by aphidicolin resulted in ATR over-activation ( Figure 5C ). More importantly, aphidicolin treatment greatly enhanced the UV effect on AS ( Figure 5D ) and increased the RNAPIIo/RNAPIIa ratio (Figure 5E ). Unlike previous experiments where UV irradiation was performed at 15 J/m 2 , here we used a lower dose (5 J/m 2 ) in order to better visualize the enhancement of all three processes by aphidicolin. We propose that prevention of gap-filling to replace the damaged strand keeps ssDNA segments exposed, which then activates ATR, causing in turn changes in AS via RNAPII phosphorylation.
DISCUSSION
DNA, RNA, proteins, and lipids, as well as many other molecules within the cell, can function as UV light receptors, as they absorb UV radiation and produce signals in response to it. Whereas the global consequences of skin exposure to sunlight are clear, ranging from inflammation, erythema, or photoaging to skin cancer, the molecular pathways triggering such responses are only partially understood.
In the present work, we show that, upon UV irradiation, DNA damage is not only necessary but sufficient to modulate AS in human keratinocytes. By transfecting in-vitro-damaged plasmid DNA, we have recapitulated the UV effect on AS. It is worth noting that, unlike plasmid DNA, transfection of irradiated small double-stranded oligo-deoxynucleotides (20 mers) into HaCaT cells had no effect on AS (data not shown). We attribute this failure to the reported evidence that short double-stranded DNA is not a good substrate for NER (Kulaksiz et al., 2005; Shell et al., 2013) , the pathway we report here as responsible for the effects of UV light on AS. Our results rule out roles for RNA, protein, or lipid damage in the AS response. This does not imply that RNA damage, for example, is exempt from playing other roles, like the reported stimulation of the production of the inflammatory cytokines tumor necrosis factor a (TNF-a) and interleukin-6 (IL-6) (Bernard et al., 2012) , which in turn modulate gene expression patterns in a skin system.
Using a photoactivable marsupial photolyase in placental mammalian (human) skin cells, we demonstrate that the AS and RNAPII responses are triggered by the CPD photoproducts generated upon UV irradiation. According to their functional category or gene ontology terms, the RNA-seq analysis revealed more than 170 genes whose AS patterns are affected by UV and reverted by the CPD photolyase by at least 50% are involved in apoptosis, cell cycle, or DNA damage (Table  S2 ). This confirms the functional relevance of the AS response to UV, studied in more depth in our previous report (Muñ oz et al., 2009 ). The photolyase also reverted RNAPII CTD hyperphosphorylation (Figure 2A ), strengthening our previous evidence that this event mediates the change in AS. On the contrary, under the experimental conditions used in this work, we did not observe changes in RNAPII phospho status, nor in the AS events analyzed herein, when expressing the (6-4)PP photolyase. A possible explanation is that CPDs are heavily induced, whereas (6-4)PPs are only mildly formed, upon UV irradiation. In any case, we cannot rule out a role for (6-4)PPs in the AS response to UV light.
RNA-seq analysis showed that CPDs are the main cause of the UV effect on AS because 87% of the ASEs affected by UV showed total or partial reversion with the photolyase. UV treatment increased inclusion of 78% and skipping of 22% of cassette exons, the prevalent modality of AS in mammalian keratinocytes ( Figure S1C ). Abrogation of CPDs by the photolyase reverts both types of changes but, most importantly, when gene expression and AS analyses are combined, it becomes clear that UV regulation of both ''up'' and ''down'' cassette exons ( Figure 2C ) and photolyase reversion ( Figure 2D ) occur in genes whose expression is reduced by UV. We interpret this as an indicator that CPDs are acting through the modulation of RNAPII elongation rates because most reversions occur when there are changes in expression levels.
Three different experiments support the conclusion that, in contrast to what was reported for fibroblasts (Tresini et al., 2015) , in keratinocytes, the cell type normally exposed to sunlight, RNAPII is the target, but not the sensor, of the UV effect. First, the effects of in-vitro-damaged plasmid DNA on AS were identical whether the plasmid sequences were being transcribed or not ( Figure 3B ). Second, in this case, in agreement with evidence provided by Tresini et al. (2015) , depletion of the TC-NER factor CSB had no influence on the AS response to UV irradiation ( Figures 3C and S4C) . Third, and unlike to what happened in keratinocytes, the use of an in-vitro-irradiated plasmid carrying a strong RNAPII promoter, but not the same vector without the promoter, mimicked the UV effect on AS in fibroblasts ( Figure 3E ), confirming the role of RNAPII as a sensor of damage in this cell type. This experiment highlights differences in the mechanism controlling gene expression between keratinocytes, the most common cell type naturally affected by sunlight, and fibroblasts. We would like to point out that many experiments in the published literature were performed using patient-derived fibroblasts with defects in repair mechanisms (TC-NER, GG-NER, etc.). In view of results in this work, some of the observations derived from fibroblasts-based experiments would need revision when drawing conclusions about the effects of UV light in the skin.
A lack of role for TC-NER in our cell system coincides with evidence that GG-NER prevails in keratinocytes (D'Errico et al., 2005 (D'Errico et al., , 2007 Mouret et al., 2008) . In any case, both mechanisms repair CPDs throughout the cell cycle and involve the generation of ssDNA, which was shown to activate the PI(3)-like kinase ATR (Hanasoge and Ljungman, 2007; Marteijn et al., 2009; Matsumoto et al., 2007; Stiff et al., 2008; Vrouwe et al., 2011) . Using See also Figure S5 .
a specific inhibitor, we show here that ATR participates in the CPD signaling both at the levels of RNAPII phosphorylation (Figure 4B) and AS ( Figure 4A ). In agreement with these results, and using the photolyase strategy, we showed that CPDs lead to activation of the ATR protein kinase ( Figure 5A ) independently of replication or transcriptional stress ( Figure 5B ). Because CPD repair by NER generates ssDNA intermediates that activate ATR, we focused on the inhibition of the last step in NER and found that inhibition of the gap-filling DNA synthesis by aphidicolin increased the UV effect on AS, RNAPII phosphorylation, and ATR activation ( Figures 5C-5E ). We believe that ATR promotes RNAPII CTD phosphorylation indirectly because there are no recognizable ATR target sequences in the CTD. We cannot rule out effects of ATR at the level of phosphorylation of other proteins, apart from RNAPII, such as splicing factors (Matsuoka et al., 2007) . These results unveil a new role for ATR in the control of gene expression at the transcription and splicing levels, with the signaling cascade UV-PD-ATR-RNAPII-AS as the most likely scenario. Moreover, if ATR activation by any means was similar, then the effect in S phase (in which ATR can be activated not only by NER but also by a stalled DNA polymerase) should be different than the effect in G1 or G2/M. Because results in Figure S4D showed that the UV effect on AS was similar in all cell cycles phases, we speculate that different modes of ATR activation, i.e., replication dependent or independent, would activate ATR in a different way, thus affecting different substrates or pathways. In any case, more research is needed to deeply understand the modes and consequences of ATR activation. Tresini et al. (2015) reported that UV modulates AS in fibroblasts through an RNAPII and R-loop-dependent mechanism that activates ATM. In our keratinocyte model, we observed that ATM modulates RNAPII phosphorylation and AS (Figures S5B and S5C) but to a lesser extent than ATR. Despite this, it is unlikely that the role of ATM in the control of AS in keratinocytes can be explained by the mechanism proposed by Tresini et al. Results in Figure 3 demonstrate not only that RNAPII is not the lesion sensor but also that the mechanisms acting in fibroblasts and keratinocytes to modulate gene expression in a genotoxic scenario are different. A possible explanation for ATM's participation is its crosstalk with ATR, as it has been shown that, upon UV, ATR can activate ATM (Stiff et al., 2006) . Finally, and in good agreement with the above-proposed mechanism, we found that ablation of GG-NER and CPD recognition factor XPE decreased the UV effect on AS. In view of this, it is tempting to speculate that repair-deficient cells from xeroderma pigmentosum patients would exhibit gene expression defects. In summary, we described a pathway connecting UV-induced DNA lesions and their repair to ATR activation. This work highlights the importance of ATR in the control of gene expression programs in a genotoxic scenario throughout the cell cycle.
EXPERIMENTAL PROCEDURES Cell Culture and Treatments
HaCaT cells and normal human fibroblasts (NHF) were cultured as indicated by ATCC. For experiments performed with non-cycling cells, HaCaT cells were grown to confluence and further incubated for 3 days in low serum (0.5% fetal bovine serum [FBS]) medium as described (Kemp and Sancar, 2016) . When indicated, cells were pre-incubated for 1 hr before UV irradiation with the following drugs: ATR inhibitor 10 mM (ETP-46464; CNIO); aphidicolin 5 mg/mL (Sigma); or for 4 hr with actinomycin D 5 ng/mL (Sigma).
UV Irradiation
Cells were washed once with PBS prior to UVC (254 nm) irradiation. UV irradiation was performed with a CL-1000 Shortwave Crosslinker (UVP) with an emission peak at 254 nm. The doses were quantified by its internal sensor. Unless otherwise indicated, the UV dose was 15 J/m 2 whereas low UV dose was 5 J/m 2 . For in vitro irradiation of plasmids, drops of no more than 20 mL were deposited on Parafilm and irradiated with 1,500 J/m 2 of UV.
DNA Western Dot Blot
Cells were harvested and total DNA was extracted with QIAmp DNA Mini Kit (QIAGEN) according to the manufacturer's protocol. DNA was quantified, denatured, and equal amounts were blotted on a nitrocellulose Hybond N+ membrane (GE Healthcare). DNA western dot blot was performed according to Perdiz et al. (2000) , with minor changes. To assess the amount of CPDs, (6-4)PPs, and ssDNA, membranes were incubated with appropriate dilutions of anti-CPD or anti-(6-4)PP antibodies (TDM-2 and 64M-2; Cosmo Bio) and anti-ssDNA (MAB3034; Millipore). Signal was detected using the LI-COR Biosciences Odyssey Imager with the appropriate secondary antibodies and quantified with the ImageStudio software (LI-COR Biosciences).
Transfections
Transfection of siRNAs and AS reporter minigenes was performed using Lipofectamine 2000 (Thermo Scientific) according to manufacturer's instructions and as described in Muñ oz et al. (2009) . siRNAs were purchased from GE-Dharmacon: SMARTpool siGENOME ERCC6 (CSB; cat. no. M-004888) and siNegative-Control no. 2 (cat. no. D-001206-14).
AS Reporter Minigenes
FN-E33 reporter minigene was previously described (de la Mata and . TBX3-E2a minigene was obtained by cloning a DNA fragment containing the alternative exon E2a, its flanking introns, and part of the upstream and downstream exons into the BstEII sites of the pUHC-CFTR minigene (Dujardin et al., 2014) . The FN-E33 and TBX3-E2a reporter minigenes were co-transfected with a plasmid expressing the tetracycline-controlled transactivator (tTA)-VP16. Transcription of the minigenes was allowed by removal of tetracycline following UV irradiation.
RNA Extraction and Radioactive RT-PCR Analysis RNA was purified using TriPure reagent (Roche Life Science). Conditions and primers for radioactive RT-PCR of endogenous or reporter minigenes are described in the Supplemental Experimental Procedures.
Adenoviral Photolyase Transduction and Photoactivation
HaCaT cells plated on 12-well dishes were transduced with adenoviruses expressing the CPD photolyase from Potorous tridactylus or the (6-4)PP photolyase from Arabidopsis thaliana (de Lima-Bessa et al., 2008) at a MOI of 15,000 in 260 mL of DMEM with 2% FBS. After 2 hr, 0.5 mL of growth medium were added and cells were additionally incubated for 72 hr. The expression of the photolyases was indirectly monitored by examining EGFP expression through fluorescence microscopy. For photoactivation, cells were washed with PBS, UV irradiated, and covered with 0.5 mL of DMEM without phenol red, with 10% FBS. Dishes were placed on a 4-mm-thick glass placed above a fluorescent lamp (GE FCL 22W/D Daylight 22W 12K). Companion dishes were wrapped in aluminum foil and treated similarly.
Global Transcriptomic Analysis of Alternative Splicing
HaCaT cells transduced with CPD photolyase-expressing adenovirus were left untreated (no UV) or UV irradiated. Irradiated cells were then exposed to white light to activate the photolyase (UV, active PhL) or kept in the dark (UV, inactive PhL). Cells were harvested 6 hr after photoactivation, and total RNA was extracted from two biological replicates of each condition, prepared using the Illumina TruSeq mRNA kit, and sequenced on an Illumina HiSeq2000. For details, see Supplemental Experimental Procedures.
Luciferase Assay Cells were transfected with 250 ng of pGL3 vectors (Promega). Twentyfour hours after transfection, luciferase activity was measured using the Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions.
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The accession number for the RNA-seq data reported in this paper is GEO: GSE85510. 
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